Measurements of the Nusselt number N as a function of the Rayleigh number R using ethane gas near its critical point show that N is enhanced by non-Oberbeck-Boussinesq (NOB) effects when the top temperature approaches the coexistence curve. The empirical criterion that a small ∆ρ/ρ (ρ is the density) implies Boussinesq behavior is found not to be valid. An examination of data by Chavanne et al. suggests that the observed transition near R = 10 11 to a powerlaw N ∼ R γ ef f with γ ef f ≃ 0.39 may be due to NOB effects rather than to a cross-over to the "ultimate" Kraichnan regime. The data of Niemela et al. (which did not show the above-mentioned transition) are further away from the coexistence curve and are expected to conform to the Boussinesq approximation.
Measurements of the Nusselt number N as a function of the Rayleigh number R using ethane gas near its critical point show that N is enhanced by non-Oberbeck-Boussinesq (NOB) effects when the top temperature approaches the coexistence curve. The empirical criterion that a small ∆ρ/ρ (ρ is the density) implies Boussinesq behavior is found not to be valid. An examination of data by Chavanne et al. suggests that the observed transition near R = 10 11 to a powerlaw N ∼ R γ ef f with γ ef f ≃ 0.39 may be due to NOB effects rather than to a cross-over to the "ultimate" Kraichnan regime. The data of Niemela et al. (which did not show the above-mentioned transition) are further away from the coexistence curve and are expected to conform to the Boussinesq approximation. Heat transport by turbulent convection due to heating from below (Rayleigh-Bénard convection or RBC) is the primary energy-transport mechanism in the outer layer of the Sun, in the outer core of the Earth, in our atmosphere, in the oceans, and in numerous other geophysical, astrophysical, and industrial situations. It is usually described in terms of a dimensionless effective thermal conductivity known as the Nusselt number N . From the equations of fluid mechanics (the Navier-Stokes and the heat equation) it is clear that the Nusselt number (for a given fluid and container shape) depends on a dimensionless applied temperature difference known as the Rayleigh number R (to be defined explicitly below).
The values of R involved in the natural phenomena just mentioned are several orders of magnitude larger than the largest obtained so far in laboratory experiments. In order to enable an extrapolation of experimental measurements to the geo/astrophysical parameter range, as well as for the inherent fundamental interest in the phenomenon, a great effort has been invested in trying to determine the scaling behavior of N (R) in the limit of very large R. [1] [2] [3] [4] [5] It is generally believed that the prediction N ∼ R 1/2 /(ln(R)) 3/2 made as long as 44 years ago by Kraichnan [6] should give this scaling correctly for certain parameter ranges; but laboratory measurements disagree on whether this "ultimate" regime has been reached and whether the prediction has been confirmed.
On the one hand, measurements for R up to 10 15 by Chavanne et al. [1, 3] yielded an effective powerlaw N ∼ R γ ef f with γ ef f ≃ 0.39 above a transition near R = 10
11 . The authors interpreted this value of γ ef f as corresponding to the effective exponent (i.e. the logarithmic derivative) of the prediction in the experimental range of finite R. On the other hand Niemela et al. [2] found γ ef f ≃ 0.31 for R up to the unprecedented value of 10 17 , which differs from the Kraichnan prediction. A further investigation by Niemela and Sreenivasan [5] using a shorter sample [7] [8] [9] produced data for R up to 2 × 10 15 that, for R > ∼ 10 12 , roughly fell between the two previous sets, but that still were inconsistent with the theory. The resolution of this apparent conflict between these experiments, and the observation of the Kraichnan regime, are two of the major outstanding problems in the field of turbulent RBC.
All of the above mentioned investigations used 4 He gas near the critical point (CP) as the fluid; this fluid has properties favorable for reaching exceptionally large values of R. Here we present new measurements near the CP of gaseous ethane (C 2 H 6 ) that show an anomalous enhancement of N (R) as the coexistence curve is approached. By a corresponding-states argument the data indicate that the transition observed by Chavanne et al. may also be due to such an enhancement rather than being indicative of a transition to the Kraichnan regime.
We made measurements at constant pressure either by using a constant mean temperature T m and various temperature differences ∆T ("isothermal" measurements), or by working along an isobar with a constant small ∆T over a wide range of T m ("isobaric" measurements). Both methods reached comparable values of R. At large R we found that the results for N (R) obtained by the two methods are not the same. In addition, the results at constant R from the isobaric method depended on ∆T . We believe that the reason for this is a new type of breakdown of the approximation due to Oberbeck and Boussinesq [10] that assumes constant fluid properties throughout the cell. This breakdown occurs even though the usual tests for Boussinesq conditions [11, 12] are well satisfied. We show that it is attributable to an excess contribution to the heat transport in the top boundary layer that is associated with the proximity of the critical point and the phase separation line. We found that the measurements by Chavanne et al. were made to a large extent in a region of the 4 He phase diagram that corresponds closely to the region in the C 2 H 6 phase diagram where we observe non-Oberbeck-Boussinesq (NOB) behavior. Indeed, there we find the exceptionally large value γ ef f ≃ 0.45 which is not far from the result ob- tained by Roche et al. [4] using a sample with rough surfaces. On the other hand, Niemela and Sreenivasan [5] , and especially Niemela et al. [2] , worked over parameter ranges of 4 He corresponding to a range in C 2 H 6 where we find quite conventional values of γ ef f near 0.31. Their work suggests that the "ultimate" regime has not yet been reached even for R near 10 17 . The apparatus was nearly the same as that used for the measurements with the "small sample" of Ref. [13] . The sample cell was a cylinder of height L = 7.62 cm and diameter D = L. It had hardened steel side walls and copper top and bottom plates and could be filled with gases at pressures up to 60 bars. The samples were C 2 H 6 at various pressures that were held constant to within 10 −3 bars. We measured the heat-current densities Q and the resulting temperature differences ∆T = T b − T t (T t and T b are the top and bottom temperatures respectively) and corrected for the conductance of the system with an evacuated sample cell, but we did not attempt to correct for the effect of the nonlinear temperature field in the wall [14] during convection. From ∆T and the known fluid properties [15] at T m = (T t + T b )/2 we determined the Nusselt number N = LQ/∆T λ, the Rayleigh number R = βg∆T L 3 /κν, and the Prandtl number σ = ν/κ (λ is the thermal conductivity, β the isobaric thermal expansion coefficient, κ the thermal diffusivity, ν the kinematic viscosity, and g the gravitational acceleration).
In Fig. 1 we illustrate the region of the reduced temperature-density and pressure-temperature plane where the measurements were made. The solid lines give the phase-separation curve in (a) and the liquidvapor co-existance curve P φ /P c vs.
. At the open symbols we fixed T m and varied ∆T ( "isothermal" measurements). In Fig. 2 we show the results for P/P c = 0.920 (P = 44.8 bars) as open circles. The dotted line corresponds to a power law with γ ef f = 0.306. Although the absolute accuracy of the data is not as good as the precision because of the influence of the side walls, this result is broadly consistent with the measurements of others [2, 3, 5 ] (see Fig. 5 below) . The power law fits the data over 1 3/4 decades of R, up to R ≃ 6 × 10 10 . As R increases further, T t is approaching closer to the coexistence curve and NOB effects appear. The effective exponent for R > ∼ 6 × 10 10 is about 0.45. One might have been tempted to interpret this behavior as the crossover to the ultimate Kraichnan regime; but this would have been illusory. We note that the observed value is not very far from the result γ ≃ 0.51 obtained by Roche et al. [4] with a sample containing rough boundaries that were supposed to eliminate the logarithmic correction to the R 1/2 power law [6] . The second type of measurements ("isobaric") was done along an isobar with a constant ∆T and a changing T m along the path shown as solid circles in Fig. 1 . Those results, for P/P c = 0.920 and ∆T = 1
• C, are shown as solid circles in Fig. 2 . One sees that they agree with the isothermal results for R < ∼ 10 10 , but deviate for larger R. For R > ∼ 3×10 10 , they also yield γ ef f ≃ 0.45. This power law is represented by the solid line. The point where N exceeds the γ ef f = 0.306 power law by 2% is indicated by small vertical lines in Fig. 1 . Again we do not interpret this phenomenon as a crossover to the Kraichnan regime but rather attribute it to NOB effects. The NOB effects become noticeable even though at the crossover the ratio (∆T /2)/(T m − T φ ) is only 0.12 (this ratio is equal to one when T t = T φ ).
To illustrate the NOB effect more clearly, we show isothermal data at P/P c = 0.920 for N /R γ ef f with γ ef f = 0.306 in Fig. 3a as open circles. Also shown (as open diamonds) are isothermal data for P/P c = 0.778. For R < ∼ 10 10 they have the same γ ef f = 0.306, but they are a little smaller than the open circles because the Prandtl number is slightly smaller [16] . They also show deviations at large R from an effective power law.
In Fig. 3b we show β∆T = −∆ρ/ρ for the data in part a. This parameter has been used as an indicator of the size of NOB effects. [3, 5] Here we see that it does not serve that purpose well. For instance, at R = 5×10 10 the isobaric data (solid circles) deviate from the power law by about 11% and yield β∆T ≃ 0.05. On the other hand, at that R the isothermal data deviate only by about 1.5% but give the much larger value β∆T ≃ 0.17. A similarly unsuitable nature is found for several other parameters that have been in empirical use before.
Also shown in Fig. 3a are isobaric results with ∆T = 0.5
• C (solid squares), 1.0 • C (solid circles), and 2.0 • C (solid triangles). They do not agree with each other, suggesting NOB behavior. However, at a given R the smaller ∆T yields the larger N , again showing that the phenomenon is unrelated to the usual NOB effects in fluids away from CPs [12] . Remarkably, when the isobaric data are plotted as a function of T t as in Fig. 3c the cold top from the (even lower) phase-separation temperature (the isothermal data collapse onto that same curve only for ∆T < ∼ 12
• C, suggesting more complex behavior when ∆T becomes excessively large). Thus we conclude that there is a contribution to the heat transport across the top boundary layer that is associated with the closeness of the phase-separation curve near the CP. Although we do not have a detailed model of this phenomenon, we conjecture that it is associated with the interaction between pre-transitional density fluctuations near the CP and the large-scale circulation in the system. Niemela et al. [2] (NSSD), Chavanne et al. [3] (CC-CCH), and Niemela and Sreenivasan [5] (NS) published or provided [17] T m and ρ, as well as other information, for each of their data points (to our knowledge this information is not available for the data of Roche et al. [4] ). This permits us to re-examine the region of the phase diagram of the measurements. To compare with our results for ethane, we show the liquid-vapor coexistence curve for 4 He in Fig. 4 in terms of reduced variables. Although 4 He and ethane show significant deviations from a simple corresponding-states law, a semi-quantitative comparison of the two systems, within a factor of two or so, should be valid. Figure 4a shows the temperature-density plane, and Fig. 4b gives the pressure-temperature plane.
The NSSD data (open squares) were taken well away from the critical point and from P φ (T φ ). Thus, we expect that they are not influenced significantly by NOB effects. They are shown in Fig. 5 as open squares. Indeed, they can be described reasonably well by a power law with γ ef f = 0.309 as originally stated by the authors.
The CCCCH data for R < 10 11 (open triangles) also were taken far from P φ (T φ ) where the Boussinesq approximation should be valid. Those results, shown in Fig. 5 as open triangles, differ slightly from the NSSD data, but in this range of R there are issues involving the wall conduction [14] that could easily cause some systematic differences between the two experiments. However, most of the Chavanne et al. data for R > 10 11 fall dangerously close to P φ (T φ ) or to the critical isochore immediately above the CP. Our arguments suggest that these results can not be expected to be free from NOB effects. We see in Fig. 5 that these data (solid triangles) are the ones that rise steeply with R, corresponding to γ ef f ≃ 0.39. They are the basis for the suggestion [1, 3] that the "ultimate" regime had been entered by this experiment.
Finally, the NS data (open diamonds) occupy a position somewhere between those of the NSSD and the CCCCH data. They were taken approximately along an isotherm, and most of them are safely away from the CP. Some, however, at the largest pressure and density, might possibly be influenced somewhat by NOB effects. Interestingly, in Fig. 5 , one sees that these data show a significant change of γ ef f near R = 10 11 , albeit a lesser one than the CCCCH results.
In this Letter we presented new data for the Nusselt number as a function of the Rayleigh number near the critical point of ethane. The results revealed significant anomalous enhancement of the heat transport as the coexistence curve was approached. These effects could not be explained in terms of the linear dependence of the fluid properties on temperature. We conjecture that they are a consequence of the interaction between the large-scale circulation in the turbulent Rayleigh-Bénard system and the pre-transitional fluctuations near the critical point. We discussed three sets of previous measurements near the critical point of 4 He by others, and on the basis of a corresponding-states comparison with the ethane results we suggested that the dramatic increase of the data by Chavanne et al. [3] for Rayleigh numbers above 10 11 may be due to the anomalous non-Boussinesq enhancement rather than a crossover into the "ultimate", or Kraichnan, regime. We also showed that the data by Niemela et al. [2] fall into regions of the 4 He phase diagram where non-Boussinesq effects are likely to be small. This work was supported by the United States Department of Energy through Grant DE-FG02-03ER46080.
